The application of sewage sludges and effluents on agricultural lands throughout the United States has increased the potential for microbial contamination of field soil and groundwater. In particular, enteric bacteria such as Salmonella species can be responsible for increased health hazards. Salmonella typhimurium is a facultative intracellular pathogen which causes the salmonellosis of humans and animals and is also the causative agent of human typhoid fever, a worldwide problem with over 30 million cases annually (12) . Although many different conventional culture media and enrichment regimes have been proposed for isolating Salmonella species from food or environmental samples (1, 2, 15, 22) , these organisms are still difficult to culture, detect, or enumerate from the complex microbial communities of natural ecosystems (27) . The ability of Salmonella species to enter a viable but nonculturable state after lengthy exposure to soil or groundwater under ambient conditions of temperature and low nutrient concentration may contribute to this difficulty (18, 19) . Because of limitations in the methodologies employed, precise diagnosis of Salmonella species in environmental samples on current enrichment media is difficult. In addition, conventional plate counting methods are tedious and time-consuming and usually underestimate the numbers (8, 23, 31) .
The development of polymerase chain reaction (PCR) technology has the potential to solve these problems. PCR is a rapid in vitro procedure for enzymatic amplification of specific DNA sequences which increases the number of copies of the target sequence. This allows increased sensitivity of detection of a DNA sequence present in trace amounts in mixed populations (25, (28) (29) (30) . Recently, genespecific probes have been used for monitoring Salmonella species in food samples (10, 11) . Although there are some reports on the detection of enteric pathogens in environmen-* Corresponding author.
tal samples (4, 5) , there are no reports of primers which can detect only Salmonella species in soil or water environments. In this study, multiplex PCR amplification with three sets of primers, phoP, Hin, and H-li, permitted specific and sensitive detection of Salmonella species. Since phoP has the ability to simultaneously detect coliform pathogenic bacteria, which include Salmonella, Shigella, Escherichia coli, and Citrobacter species, it can be used as an indicator to monitor environmental samples for enteric bacteria. phoP primers selected from the phoP/phoQ loci are part of the phosphorylation regulon which regulates the expression of genes involved in virulence and macrophage survival of Salmonella species. Hin and H-li genes which are involved in the control of phase variation of Salmonella species are only present in Salmonella species and are not present in E. coli. Thus, phoP primers used in conjunction with Hin and H-li primers can subsequently be used to confirm motile Salmonella species, including Salmonella typhi, Salmonella typhimurium, Salmonella paratyphi A, and Salmonella enteritidis.
MATERIALS AND METHODS
Bacterial strains. Thirty-six known bacterial strains, including 11 Salmonella species, 6 E. coli strains, 4 Detection of amplified DNAs. PCR products were analyzed by gel electrophoresis. Fifteen microliters of each sample was loaded onto a 1.6% electrophoresis-grade agarose gel (Sigma Chemical Co., St. Louis, Mo.) and run in lx TBE buffer at 3.2 V cm-' for 1.5 to 2 h (20) . Gels were stained with 1 ,ug of ethidium bromide solution per ml and visualized with a UV transilluminator (UVP Inc., San Gabriel, Calif.).
Specificity of primers. The specificity of multiplex PCR for
Salmonella species was evaluated with the 30 ATCC strains and 6 non-ATCC strains listed in Table 1 . In addition, the efficacy of the primers was also evaluated on 15 known environmental isolates (Table 3) , of which 12 had previously been confirmed as Salmonella species by conventional techniques.
Sensitivity of amplification. Sensitivity of the PCR amplification was determined by the use of whole-cell lysates from Salmonella typhimunium cells. The methodology to evaluate the sensitivity of primers was adopted from that of Debue et E. coli, and Citrobacter species (13), phoP primers, under less stringent conditions, can amplify DNA from other coliform bacteria. Therefore,phoP primers were used in this study as a presumptive indicator to initially screen for possible Salmonella species and other coliform pathogens. To confirm the presence of Salmonella species, primers which could specifically detect all Salmonella species were necessary. Some of the phenotypic characteristics that distinguish Salmonella typhimurium from E. coli are encoded by genes that are associated with phase variation in Salmonella species (3). The genes of the H2 antigen and the hin inversion system, which are responsible for flagellar phase variation, are present in Salmonella species and are controlled by a novel kind of regulatory unit in which a sitespecific recombinational event regulates gene expression (26, 36, 37) . A 995-bp invertible DNA fragment adjacent to the H2 gene, which specifies one of the flagellar antigens, can exist in either orientation with respect to the H2 structural gene. This orientation of the inversion region controls expression of the H2 gene, i.e., in one orientation the adjacent H2 gene is expressed, and in the opposite orientation the adjacent H2 gene is not expressed (38) . The hin (for H inversion) gene is located within the inversion region (between nucleotides 76 and 648) and accounts for approximately two-thirds of the sequence (38) . hin encodes a protein (hin protein) necessary for the inversion of the H2 controlling region (Fig. 1) (33) . Thus, the particular phase of a Salmonella species can be defined on the basis of the flagella antigenic state (Table 1) .
Specificity of primers. The Hin primer set was selected from the Salmonella typhimurium hin/H2 region, which targets a 236-bp DNA fragment in Salmonella phase 2, as well as phase 1-phase 2 inversion species (at times, certain species may exhibit both antigenic types). The primer set H-li which amplifies a 173-bp DNA sequence in Salmonella phase 1 species was located in the H-li flagellin gene, also from Salmonella typhimurium. Multiplex PCR was performed by adding the above sets of primers in the same reaction to determine the amplification of known Salmonella species-specific DNA and discriminate against non-target DNA. (Table 1) , there was no amplification for Shigella and Citrobacter species and all E. coli except E. coli ATCC 13706. Figure 2 shows the multiplex PCR amplifications of ATCC Salmonella motile species ( Fig.  2A) and ATCC E. coli strains (Fig. 2B) with the three primer sets in a multiplex PCR reaction. Amplification bands due to phoPlphoQ are seen in all tested Salmonella species. In addition, all E. coli species also produced amplification bands because of the lower annealing temperature of 62°C that was used in this assay relatively to the high annealing temperature of 75°C that was used on the E. coli strains in Table 1 . The 236-bp product due to the hin target occurred with all tested Salmonella strains except the Salmonella enteritidis (ATCC 13076) phase 1 strain (Fig. 2A, lane 5) (Fig. 2A, lane 11) reason it was lost during evolution) (38) , (ii) the number of copies of the H antigen is too low to be amplified, or (iii) poor homology of this H antigen with the primers. Note however, that both strains (ATCC 35664 and 13076) with only two bands would still be identified as Salmonella spp. because of the presence of two amplification products. The H-li primer set was selected from Salmonella typhimurium. Although the homology of the Hi antigens of other Salmonella strains is similar to that of the Salmonella typhimurium H-li gene (17, 34, 35) , the size of the Hi-i amplification fragment can be slightly different because of slight differences in homology. For example, Salmonella paratyphi A (Fig. 2A, lane 4) is slightly different. Some environmental isolates also showed slight differences (see Fig. 4 ). Some Salmonella species such as Salmonella gallinarum and Salmonella pullorum are nonmotile (no H antigen) and therefore give no amplification bands with Hin and H-li primers ( Table 1) . Use of lamB primers (16) differentiated these nonmotile Salmonella species from other enteric bacteria (data not shown). Overall, the use of the multiplex PCR analysis allowed specific detection of different species of Salmonella. Sensitivity of amplification. PCR amplification allows very sensitive detection of specific DNA sequences. Sensitivity of amplification was dependent on the number of copies of target DNA and was evaluated by use of whole cells or extracted pure DNA. Salmonella typhimurium cells were collected from late-log-phase cultures. After centrifugation for 10 min at 14,000 x g, pellets were washed, resuspended, and directly lysed by boiling at 98°C for 10 min. Lysed bacterial cells were serially diluted, and aliquots were assayed for sensitivity with phoP, Hin, and H-li primer sets individually and also in a multiplex system. Figure 3 shows the PCR amplification of Salmonella typhimurium phoPi phoQ, hin, and H-li. Target DNA was derived from whole cells, and amplification products were visualized by ethidium bromide staining. The data show that after 25 cycles, 103 CFU was easily visualized (Fig. 3, lanes 5 ). Amplification of 102 CFU was only visualized with phoP primers (Fig. 3A , lane 6), whereas for Hin and H-li primers, 102 CFU was just discernible (Fig. 3B and C, lanes 6 Figure 4 show positive 299-bpphoPlphoQ bands 1 for all environmental isolates (amplification of Salmonella typhimurium SDPHS 117-2 was not shown on Fig. 4) . Most multiplex PCR results of environmental isolates are in agreement with the phase characteristics, which are based on the antigenic flagellar state of each isolate (9), as listed in Table  3 . Two Salmonella heidelberg environmental isolates were tested with their antigenic formula, indicating that they were phase 1-phase 2 inversion species. But, whereas one isolate, B-6601034 (Fig. 4, lane 4) , showed all three amplification bands, the other isolate, B-7211645-10 (Fig. 4, lane 5) , showed only the phoPlphoQ and hin bands. Again, the presence of two bands does identify the isolate as a Salmonella spp. Also, no amplification of three non-Salmonella isolates (E. coli MP5-9959-1, E. coli MP5-6120-2, and E. coli MP4-354-1) resulted with the Hin and H-li primers (Fig. 5) . Thus, the multiplex PCR analysis was effective in identifying Salmonella spp. of environmental origin.
Efficacy of primers for detection of SalmoneUla species in soil. Brazito sandy loam and Pima silty clay loam were chosen for this study because they are soil types commonly found in the Sonoran Desert of the southwestern United States. The physical and chemical properties of these two soils are quite different, especially in the silt and clay content; Pima silty clay loam has 50% silt and clay compared with the 20% of the Brazito sandy loam. The extraction methodology used in this study allowed the recovery of microbial DNA from soil samples, by lysis of the cells directly in the presence of the soil and then by cesium chloride-ethidium bromide equilibrium density centrifugation purification. Both unseeded soils gave no amplification after 30 or 50 cycles of multiplex PCR, presumably because the Salmonella species are not indigenous to these soils. The average amount of recovered DNA from seeded Brazito sandy loam was 1.6 times greater than that from the Pima silty clay loam most likely because of sorption of DNA on soil colloids in the clay loam (24) . Equal amounts of DNA extracted from each seeded soil were used as a template for multiplex PCR. Both seeded soils gave positive amplification products for all three primer sets after 50 cycles of PCR (data not shown). However, amplification bands were less pronounced from the DNA recovered from Pima silty clay loam, perhaps because of increased sorption of DNA on clay colloids.
Efficacy of primers for detection of Salmonella species in environmental water samples. None of the well water samples produced positive PCR amplification bands (Table 4) . However, all seeded well water samples did give positive amplification, indicating that there were no PCR inhibitory substances in the groundwater samples. Several presump- tive Salmonella isolates obtained from the surface pond water sample were subjected to PCR analysis. One isolate did produce amplification products from all three primer sets, demonstrating that a Salmonella species was originally present in the environmental water sample.
Conclusions. Overall, these data indicate that the multiplex PCR analysis utilizing phoP, Hin, and H-li primer sets can distinguish Salmonella species from other enteric bacteria, including E. coli. This multiplex analysis is sensitive and rapid and allows detection of Salmonella species in environmental samples.
